Frataxin is a nuclear-encoded mitochondrial protein involved in the biogenesis of Fe-S-cluster-containing proteins and consequently in the functionality of the mitochondrial respiratory chain. Similar to other proteins that regulate mitochondrial respiration, severe frataxin deficiency leads to pathology in humansFriedreich's ataxia, a life-threatening neurodegenerative disorder-and to developmental arrest in the nematode C. elegans. Interestingly, partial frataxin depletion extends C. elegans lifespan, and a similar anti-aging effect is prompted by reduced expression of other mitochondrial regulatory proteins from yeast to mammals. The beneficial adaptive responses to mild mitochondrial stress are still largely unknown and, if characterized, may suggest novel potential targets for the treatment of human mitochondria-associated, age-related disorders. Here we identify mitochondrial autophagy as an evolutionarily conserved response to frataxin silencing, and show for the first time that, similar to mammals, mitophagy is activated in C. elegans in response to mitochondrial stress in a pdr-1/Parkin-, pink-1/Pink-, and dct-1/Bnip3-dependent manner. The induction of mitophagy is part of a hypoxia-like, iron starvation response triggered upon frataxin depletion and causally involved in animal lifespan extension. We also identify non-overlapping hif-1 upstream (HIF-1-prolyl-hydroxylase) and downstream (globins) regulatory genes mediating lifespan extension upon frataxin and iron depletion. Our findings indicate that mitophagy induction is part of an adaptive iron starvation response induced as a protective mechanism against mitochondrial stress, thus suggesting novel potential therapeutic strategies for the treatment of mitochondrial-associated, agerelated disorders.
SUMMARY
Frataxin is a nuclear-encoded mitochondrial protein involved in the biogenesis of Fe-S-cluster-containing proteins and consequently in the functionality of the mitochondrial respiratory chain. Similar to other proteins that regulate mitochondrial respiration, severe frataxin deficiency leads to pathology in humansFriedreich's ataxia, a life-threatening neurodegenerative disorder-and to developmental arrest in the nematode C. elegans. Interestingly, partial frataxin depletion extends C. elegans lifespan, and a similar anti-aging effect is prompted by reduced expression of other mitochondrial regulatory proteins from yeast to mammals. The beneficial adaptive responses to mild mitochondrial stress are still largely unknown and, if characterized, may suggest novel potential targets for the treatment of human mitochondria-associated, age-related disorders. Here we identify mitochondrial autophagy as an evolutionarily conserved response to frataxin silencing, and show for the first time that, similar to mammals, mitophagy is activated in C. elegans in response to mitochondrial stress in a pdr-1/Parkin-, pink-1/Pink-, and dct-1/Bnip3-dependent manner. The induction of mitophagy is part of a hypoxia-like, iron starvation response triggered upon frataxin depletion and causally involved in animal lifespan extension. We also identify non-overlapping hif-1 upstream (HIF-1-prolyl-hydroxylase) and downstream (globins) regulatory genes mediating lifespan extension upon frataxin and iron depletion. Our findings indicate that mitophagy induction is part of an adaptive iron starvation response induced as a protective mechanism against mitochondrial stress, thus suggesting novel potential therapeutic strategies for the treatment of mitochondrial-associated, agerelated disorders.
INTRODUCTION
Frataxin is a nuclear-encoded mitochondrial protein that regulates the biogenesis of iron-sulfur-cluster (ISC)-containing proteins and, as a consequence, the functionality of the mitochondrial respiratory chain (MRC). Complete absence of frataxin is lethal in different species, including the nematode Caenorhabditis elegans (C. elegans), and its severe deficiency leads in humans to Friedreich's ataxia (FRDA), the most frequently inherited recessive ataxia [1] . Similar to other life-threatening mitochondrial-associated diseases, residual levels of the pathogenic protein (frataxin) is critical for survival and inversely correlates with disease onset, progression, and severity of symptoms. According to a threshold effect, moderate depletion of the C. elegans frataxin homolog FRH-1, similar to suppression of other mitochondrial-associated diseases proteins, extends animal lifespan [2] . The evolutionarily conserved nature of this pro-longevity effect [3] indicates that cellular adaptation to partial mitochondrial dysfunction induces beneficial responses, which, if identified, may suggest novel therapeutic strategies for human diseases associated with progressive mitochondrial deterioration [4] .
Changes in animal metabolism and induction of cellular stress responses and detoxification systems (e.g., mtUPR, antioxidants, and autophagy) have been associated with, although not always causally involved in, lifespan extension in animals with geneticor RNAi-mediated suppression of MRC regulatory proteins (the so-called mitochondrial [Mit] mutants [4, 5] ). However, the key molecular players underlying mitochondrial-stress control of longevity are still largely uncharacterized. To date, only some autophagy (unc-51 and bec-1) and mtUPR (ubl-5) regulatory genes [6, 7] , as well as a handful of transcription factors [5] (the C. elegans p53 ortholog CEP-1, the homeobox protein CEH-23, a component of the TFIID mRNA transcription complex TAF-4, the C. elegans TFEB ortholog HLH-30, and the hypoxia-inducible factor HIF-1), were shown to mediate Mit mutants longevity.
HIF-1 overexpression or stabilization through hypoxia or reduced expression of egl-9 or vhl-1 extends C. elegans lifespan [8, 9] . EGL-9 is the prolyl-hydroxylase that in normoxia conditions targets HIF-1 to the proteasome for degradation through VHL-1, the von Hippel Lindau protein that is part of an E3 ubiquitin-ligase complex. The activity of EGL-9 is inhibited by low oxygen levels but also by reduced levels of iron and of the tricarboxylic cycle acid intermediate (aKG) [10] . Induction of autophagy is an evolutionarily conserved protective response to hypoxia and to reduced frataxin expression, and it is required for mitochondrial-stress extension of lifespan in C. elegans [6, 11] . Mitochondrial autophagy (or mitophagy) is a selective form of autophagy dedicated to mitochondrial quality control by recycling unhealthy mitochondria [12] . It can be activated in a HIF-1-and Beclin-dependent manner to protect mammalian cells against hypoxia [13] . Whether mitophagy plays a role in mitochondrial-stress control of longevity remains speculative [14, 15] and was the main question addressed in this study.
Here we provide evidence that in C. elegans a hypoxia-like iron starvation response is causally involved in the lifespan-extending effect elicited by frataxin suppression, and we identify mitochondrial autophagy as part of this beneficial response. We find that mitophagy is induced in an evolutionarily conserved manner upon frataxin silencing, and we show for the first time that, similar to mammals, it is activated in C. elegans in response to mitochondrial stress in a Parkin/pdr-1-, Pink/pdr-1-, and Bnip3/dct-1-dependent manner. Furthermore, although different mitophagy regulatory homologs mediate C. elegans lifespan extension upon frataxin or iron depletion, we find that the two treatments can extend lifespan also through unique, non-overlapping mechanisms. We, therefore, provide further insight into molecular mechanisms of mitochondrial-stress control of longevity and point to mitophagy as a novel potential therapeutic target for FRDA and possibly other mitochondrial-associated diseases.
RESULTS

C. elegans Homologs of Mitophagy Regulatory Genes Mediate Lifespan Extension
Induction of autophagy is an evolutionarily conserved response to reduced frataxin expression, causally involved in the longevity of different C. elegans Mit mutants including frataxin (frh-1)-depleted animals [6] . Mitochondrial autophagy is a selective form of autophagy dedicated to mitochondrial quality control, which is activated to recycle unhealthy mitochondria. We thus asked whether mitophagy could play a specific role in mitochondrial-stress control of longevity. In mammals, Pink1 kinase cooperates with Parkin, a cytosolic E3 ubiquitin ligase, to signal damaged mitochondria for degradation through autophagy [16] . Homologs of the genes that encode for these proteins have been identified in C. elegans, respectively named pink-1 and pdr-1, and their deletion increases animal's sensitivity to oxidative stress [17, 18] . Silencing of pink-1 was also recently shown to prevent proper elimination of damaged mtDNA after UVC irradiation [19] . To address the role of pink-1 and pdr-1 in longevity specification in response to mitochondrial stress, we assessed the lifespan of corresponding mutant strains upon frataxin silencing. We found that the lifespan-extending effect of frh-1 RNAi was almost completely prevented in the pdr-1(gk448) mutant strain (Figures 1A and 1B; Table S1 ). Two additional pdr-1 alleles (tm598 and tm395), as well as pdr-1 RNAi, also suppressed the lifespan-extending ability of frataxin silencing (Figures S1A-S1C ; Table S1 ), thus establishing a clear role for pdr-1 in frataxin-regulated longevity. To our surprise, but consistent with recent finding from Bess et al. [19] showing seemingly contrasting results between pink-1 mutant and silencing, two different pink-1 mutant alleles (tm1779 and ok3538) did not affect frh-1 RNAi longevity, while pink-1 RNAi completely abolished it (Figures S1D-S1F; Table S1 ).
We then tested the effect of other possible mitophagy regulatory genes, such as Bnip3 (dct-1 in C. elegans [20] ), the Bcl-2/ adenovirus E1B 19-kDa-interacting protein 3, and the adaptor protein p62/SQST1 (sqst-1 in C. elegans [21] ). We found that deletion or silencing of C. elegans dct-1 suppressed frh-1 RNAi extension of lifespan compared to its effect on the wild-type strain (Figures 1C and S1G; Table S1 ). Moreover, C. elegans sqst-1 mutants completely abolished the lifespan-extending effect of frh-1 RNAi ( Figure 1D ). In mammals, Bnip3 is induced to eliminate dysfunctional mitochondria in response to hypoxia in an HIF-1-dependent manner [13] , while p62 facilitates cargo degradation, including mitochondria, and it is selectively degraded in response to hypoxia through the autophagic machinery [22] . Likewise, we now found that in C. elegans hypoxia upregulates the expression of dct-1 in an hif-1-dependent manner (Figures S1H and S1I). Moreover, hypoxia reduced the content of the SQST-1 protein in a wild-type background and upon loss of the ribosomal protein rpl- 43 , which has been shown to cause an accumulation of SQST-1 aggregates [23] (Figures S1J and S1K ). Of note, similar to a hypoxia mechanism, frataxin silencing increased the expression of dct-1 transcript in an hif-1-dependent manner and reduced that of SQST-1 protein ( Figures 1E and 1F ). We did not observe any change in p62 transcript expression upon frh-1 RNAi (data not shown), indicating that its degradation occurs at the posttranscriptional level, possibly through an intact autophagic flux [6] induced by a hypoxia-like signaling. Taken together, these findings revealed an evolutionarily conserved protective role for mitophagy regulatory genes, which are required for frataxin-silencing extension of lifespan in C. elegans.
Induction of Mitophagy Is an Evolutionarily Conserved Response to Mitochondrial Stress
The inability of frh-1 RNAi to extend lifespan in mutants of mitophagy regulatory homologs could be ascribed to mitophagyindependent functions of the corresponding C. elegans proteins. Indeed, whether C. elegans mitophagy is induced upon mitochondrial stress and regulated by the same genes is not known. We, therefore, assessed whether frh-1 silencing affects mitophagy. Compared to control animals, frh-1 RNAi-treated animals displayed a substantial co-localization between mitochondria and autophagosomal marker LGG-1 (Figures 2A and S2A ), a prerequisite for mitochondrial elimination through the autophagic pathway. To further prove the induction of mitochondrial autophagy, we generated additional transgenic strains and found that frataxin silencing significantly increased the co-localization between DCT-1 and LGG-1 and between DCT-1 and PDR-1 compared to wild-type animals ( Figures S2B and S2C ). Collectively, these data clearly demonstrate that frh-1-depleted animals display an increased number of mitoautophagosomes compared to wild-type animals.
To confirm the induction of mitochondrial autophagy in C. elegans, we expressed a dual fluorescent pH-sensitive biosensor with a mitochondrial tag that, in normal conditions, marks mitochondria in red and green fluorescence. Upon mitophagy induction, the delivery of mitochondria into the acidic lysosome compartment mainly quenches the green, but not the red, fluorescence, thus reducing the GFP to dsRed ratio (see the Supplemental Experimental Procedures). We observed that frh-1 RNAi significantly reduced the ratio of GFP versus dsRed fluorescence ( Figures 2B and 2C) , a clear indication of mitochondria redistribution into the lysosomal compartment. Of note, silencing of mitophagy regulatory genes required for frataxin longevity significantly prevented the induction of mitochondrial autophagy upon frh-1 RNAi without affecting it in basal conditions ( Figure 2C ), indicating that mitophagy is required for lifespan extension upon mitochondrial stress.
Remarkably, considering the potential role of mitophagy in the context of neurodegenerative diseases [15] , we also found that mitochondrial autophagy is triggered by frataxin silencing in mammalian cells. In agreement with our previous findings [6] , compared to control cells, frataxin small hairpin RNA (shRNA)-treated cells expressed increased levels of LC3II ( Figure 2D ). Consistent with an increased mitochondrial autophagy, frataxin-depleted cells also contained fewer mitochondrial proteins, such as MnSOD and TOM20 ( Figure 2D ). Moreover, confocal microscopic analysis revealed Parkin translocation from the cytosol to the mitochondria ( Figure S2D ), a signal required for targeting mitochondria to the autophagic machinery [16] . Cellular fractionation analysis confirmed a significant increase in Parkin as well as Pink accumulation on mitochondria ( Figures 2E, 2F , S2E, and S2F). Notably, similar to what we observed in the worms, the expression of p62/SQSTM1, which cooperates with Parkin to facilitate mitochondrial degradation through the lysosomes [24] , was reduced in total extracts and mitochondrial-enriched fractions of frataxin shRNA mammalian cells ( Figures 2D and S2F ), indicating an intact autophagic flux. To maintain an appropriate mitochondrial network homeostasis, induction of mitophagy typically is preceded by mitochondrial fragmentation [25] , which favors the elimination of dysfunctional mitochondria, and is accompanied by the biogenesis of new healthy mitochondria. We observed an altered mitochondrial distribution in both mammalian cells and C. elegans subjected to frataxin silencing, an indication of an effective integration of mitochondrial quality control pathways. Indeed, confocal analysis of frataxin shRNA-treated cells revealed a clear perinuclear clustering of highly fragmented mitochondria ( Figure S2D ), a typical distribution of mitochondria undergoing mitophagy [24] . Similarly, frh-1 silencing in C. elegans increased the density of muscle mitochondria, which also presented with a fragmented pattern ( Figure S2G ). Finally, in support of a general conserved role for mitophagy in response to mitochondrial stress, we found that silencing other MRC regulatory proteins, similar to frh-1 RNAi [6] , reduced reactive oxygen species (ROS) levels ( Figure S3A) ; increased the accumulation of autophagosomes ( Figure S3B) ; promoted a pdr-1-, dct-1-, and pink-1-dependent mitophagy ( Figure S3C ); and required mitophagy regulatory genes for optimal lifespan extension ( Figures S3D-S3G) . Collectively, the results described so far indicate that the induction of mitochondrial autophagy is an evolutionarily conserved response to reduced frataxin expression, and they identify a role for pdr-1/Parkin-and dct-1/Bnip3-regulated mitophagy in mitochondrial-stress control of longevity.
Frataxin Silencing Induces a Pro-longevity Iron Starvation Response
In search of a mechanism that could explain how frataxin depletion stimulates mitochondrial autophagy, we speculated a Bar graph represents means ± SEM (n = 3); *p value vs con < 0.05, ****p value versus con < 0.0001. See also Figure S4 .
possible hypoxia-like signal triggered by altered mitochondrial physiology. Indeed, frataxin suppression affects intracellular levels of ATP, ROS, and iron [6, 26] , which can initiate a hypoxia-like signaling [27, 28] . Hypoxia, in turn, can trigger autophagy in C. elegans [11] as well as in mammals, and in the latter this can occur either in an HIF-1-dependent manner [29] or in an HIF-1-independent manner through AMP-regulated kinases (AMPKs) [30] . Although ATP content is reduced in frh-1 RNAi-depleted animals and in other RNAi-derived Mit mutants, levels of ATP do not correlate with, and AMPKs do not mediate, animal longevity [6, 31] , thus arguing against a potential AMPK-regulated, HIF-1-independent activation of autophagy. Instead, hif-1 is required for lifespan extension in other Mit mutants [28, 32] , and we found that it mediates autophagy and longevity in frh-1 RNAi animals ( Figures 3A-3C) . Specifically, LGG-1 is the nematode homolog of the microtubule-associated protein light chain 3 (LC3), and its pattern changes from diffuse to punctate during the autophagic process, reflecting the formation of the autophagosomes [33] . While frh-1 RNAi induces the accumulation of LGG-1-positive foci in wild-type animals [6] , it could not further increase it in the hif-1 mutants, which already presented with a significantly higher number of autophagosomes compared to wild-type animals ( Figure 3A) . Either stabilization of HIF-1, through hypoxia or through reduced expression of VHL-1, or its loss of function can extend C. elegans lifespan [8, 9] .
Consistent with an intact autophagy flux being required for frh-1 RNAi longevity [6] , we now found that either hif-1 or vhl-1 depletion completely blocked lifespan extension in response to frataxin silencing (Figures 3B-3D) . The hypoxia-inducible factor acts in a heterodimeric transcription complex, consisting of HIF-1 and AHA-1 in C. elegans, encoded by homologs of the mammalian HIF-1-alpha and -beta subunits, respectively [34] . aha-1 recently was identified as one of the C. elegans transcription factors required for lifespan extension in genetic-mediated Mit mutants [32] . In line with the hif-1 findings, frh-1 RNAi could not extend lifespan in animals depleted of aha-1 (Figures 3E and  3F ; Table S1 ). In further support of frataxin silencing activating a hypoxia-like response, it increased the expression of hypoxiainducible genes such as nhr-57 ( Figure 3G ) and dct-1 ( Figure 1E ) in an hif-1-dependent manner, and reduced the expression of p62 ( Figure 1F ). In C. elegans, nhr-57 belongs to the large family of nuclear hormone receptors and it is the most reliable marker for HIF-1 activation under hypoxic conditions ( [35] and Figure 3H) . Moreover, we found that frh-1 RNAi tends to increase the transcriptional expression of different globins, glb-1, glb-10, glb-13, glb-19, and glb-28, especially in an RNAi-sensitized background; but, a frh-1 double-stranded RNA (dsRNA) construct that reduced frataxin expression above the threshold for lifespan extension [6] did not significantly modulate the expression of any of them ( Figures S4A and S4B ). Globin genes encode for iron-containing proteins that can regulate the redox status of the cells in response to hypoxia [36] . Thirty-three globins were identified in C. elegans, all containing HIF-1 regulatory elements, and some of them can be induced by hypoxia in an hif-1-dependent manner ( [37] and Figure S4C ).
We then asked how frataxin silencing could mimic a hypoxialike state. HIF-1 is a central player of oxygen and iron homeostasis in mammals as well as in C. elegans and can be activated by increased levels of ROS or reduced levels of cytosolic oxygen or iron [27, 38] . Although ROS-dependent activation of HIF-1 mediates longevity of the genetic-derived Mit mutants [28] , ROS levels were actually reduced following silencing of different MRC regulatory subunits, including frh-1 ( Figure S3A ) [6] . Iron deprivation can also activate a hypoxia-like signaling in mammals as well as in C. elegans [26, 27] , and, accordingly, it increased the expression of nhr-57 in an hif-1-dependent manner ( Figure 4A ), similar to the above-described effect with frh-1 RNAi or hypoxia ( Figures 3G and 3H) . We thus speculated that frh-1 RNAi activates the hypoxia-like response through cytosolic iron deprivation, a condition associated with reduced frataxin expression from yeast to mammals as a consequence of progressive mitochondrial iron accumulation [26, 39] . Consistent with this possibility, we found that the expression of the C. elegans cytosolic aconitase (aco-1), which is downregulated in response to iron overload like its mammalian homolog iron regulatory protein-1 (IRP1) [40] , was significantly increased in frh-1-depleted animals compared to wild-type ( Figure 4B ). The mitochondrial Fe/S-cluster protein aconitase (aco-2) was also upregulated by frh-1 RNAi ( Figure 4B ). These effects on the two aconitases possibly represent compensatory responses to the reduced cytosolic iron content and Fe/S-cluster biogenesis induced by frataxin deficiency [26] . The two aconitases also tended to be induced by hypoxia in an hif-1-dependent manner (Figures S4D and S4E) .
A reduced iron content upon frataxin suppression is expected to decrease animal sensitivity to iron supplementation while increasing their sensitivity to iron deprivation. Accordingly, although iron supplementation through the entire life significantly shortened lifespan [41] of control (À18%) and of frh-1-depleted (À8%) animals, the latter were much less affected, as clearly underlined by the differences in their mean lifespan ( Figure 4C ; Table S1 ). Frataxin-deficient animals were also more sensitive to the detrimental effects induced by severe iron deprivation on development ( Figure 4D) , fertility, and fecundity ( Figure 4E ; Figure S4F ). Furthermore, electron microscopic analysis revealed an elevated number of electron-dense granules, indicative of iron deposits [42] , in mitochondria, but not in the cytosol, of frh-1-depleted animals, which was not observed in wild-type animals ( Figure S4G ). Of note, these electron-dense granules were detected in mitochondria of tissues, such as the intestine and the muscle, where we also observed the induction of autophagy ( Figures S4H and 1F ) and mitophagy (Figures 2A-2C) .
Remarkably, similar to the opposite effects on lifespan induced by different levels of mitochondrial stress, while severe iron deficiency was lethal ( Figure 4D ), we found that milder iron deprivation significantly extended lifespan in wild-type animals ( Figure 4F ; Table S1 ). In support of frataxin silencing acting through an iron starvation response, iron chelation did not significantly extend lifespan of frh-1-depleted animals ( Figure 4F ; Table S1 ), while iron supplementation suppressed it ( Figure 4C ). Moreover, DMT1 is a divalent metal transporter whose expression is induced in mammals to increase intestinal iron transport in conditions of iron deficiency, and a C. elegans mutant for the DMT1 homolog, smf-3, displays low levels of iron compared to wild-type [38] . In agreement with previous results, we found that smf-3 mutants have an extended lifespan that is not further prolonged by frh-1 RNAi (Figures 4I and 4J ; Table S1 ). To validate the iron starvation response induced in frataxin-depleted animals, we quantified the expression of the C. elegans ferritin homolog, ftn-2, an iron storage protein whose expression is induced in the presence of excessive iron and reduced in response to iron deprivation in an hif-1-dependent manner [38] . As expected, the expression of a ftn-2::gfp reporter was significantly reduced by iron depletion ( Figure 4G ). Of note we observed that frh-1 RNAi also reduced ftn-2 expression, and, consistent with the survival analysis, the combined treatment with iron depletion did not additively affect the expression of the two hif-1 target genes, ftn-2 and nhr-57 ( Figures 4G and  4H ). Non-additive effects on ftn-2 and nhr-57 expression were similarly observed following iron chelation treatment in animals depleted of other MRC regulatory proteins (unpublished data), suggesting a more general iron starvation response upon mitochondrial stress. Taken together, the results shown so far reveal an iron starvation response as an evolutionarily conserved response to frataxin depletion, with pro-longevity effects in C. elegans.
Frataxin and Iron Depletion Extend Lifespan through Overlapping and Independent Mechanisms
Finally, we asked whether frataxin-silencing extension of lifespan via iron depletion could be ascribed to the induction of mitochondrial autophagy. Consistent with this possibility, we found that a lifespan-extending dose of iron chelation significantly induced mitophagy ( Figure 5A ). Depletion of mitophagy regulatory genes significantly prevented this effect ( Figure 5A ) and also partially suppressed lifespan extension in response to iron depletion (Figures 5B-5E ; Table S1 ). Notably, frataxin silencing did not further increase the effects of iron chelation on the accumulation of the autophagosomes and mitophagy (Figures 5F and 5G ). This correlates with the lack of cumulative effect of the two treatments on lifespan ( Figure 4F ), and it suggests mitochondrial degradation by the lysosomal pathway as a specific mechanism induced by frataxin suppression to extend lifespan via cytosolic iron deprivation.
Whereas mitochondrial stress and iron deprivation converge on mitophagy to extend lifespan, the different phenotypic appearances of long-lived iron-depleted and frataxin-deficient animals ( Figure 6A ) also suggest the induction of incompletely overlapping signaling between the two treatments. While 4-day-old frataxindepleted animals displayed their typical reduced size and fecundity compared to control animals, life-extending doses of iron chelation affected neither animal size nor fecundity ( Figure 6A ). The iron chelator reduced fecundity to the same level of frh-1 RNAi only at doses of 100 mM ( Figure S4G ), which also dramatically impaired animal development ( Figure 4D ). As a first indication that frataxin and iron depletion can also act through non-overlapping mechanisms, while frh-1 RNAi did not extend lifespan of the hif-1 mutants (Figure 3C ), iron chelation could still do so (although the two treatments were not fully additive) ( Figures  6B and 6C) .
We then looked at hif-1 upstream and downstream regulatory genes. The absence of EGL-9, the C. elegans homolog of the HIF-1 prolyl-hydroxylase, stabilizes hif-1 in normoxia conditions and extends lifespan [9] . As expected by the fact that the prolylhydroxylase can be inhibited by low iron content [10] , iron chelation did not extend lifespan of the long-lived egl-9 mutants (Figures 6D and 6E) . However, contrary to our expectation, frh-1 RNAi not only further extended lifespan of the long-lived egl-9 mutants but it also significantly suppressed animals internal bagging due to the egg-laying defect described in this strain (Figures 6D  and 6E ; Table S1 ). We then confirmed the induction of some globin genes (glb-10, glb-19, and glb-28) and the reduction of glb-26 upon frh-1 RNAi by quantifying the expression of the corresponding GFP reporter strains through an unbiased automated microscopy platform ( Figure 6F ). Iron chelation also upregulated glb-10 expression and this was not further increased by frh-1 RNAi ( Figure 6G ). However, surprisingly, loss of glb-10 suppressed frh-1 RNAi longevity, but did not prevent the pro-longevity effect of the iron chelator ( Figures 6H, 6I , S5A, and S5B; Table S1 ). Taken together, our data reveal that overlapping (mitophagy) as well as unique (egl-9 and glb-10) hypoxia-related pathways specify longevity of frataxin-and iron-depleted animals.
DISCUSSION
Collectively, our findings indicate that an iron starvation, hypoxialike response is triggered by frataxin silencing and activates an evolutionarily conserved pdr-1/Parkin-and dct-1/Bnip3-regulated mitophagy, which ultimately mediates lifespan extension in C. elegans. To our knowledge, this is the first study that addressed and clearly identified a causal role for mitochondrial autophagy in longevity specification. ROS-dependent activation of HIF-1 is required for the lifespan extension of genetic-derived Mit mutants [28] . However, ROS are not deemed to be the main longevity determinants of RNAi-derived Mit mutants [7, 43] , and induction of mitophagy can reduce ROS levels in response to hypoxia [13] . Consistent with these observations, we found that silencing of different MRC regulatory genes reduces ROS content. Although it is still possible that a transient elevation of ROS during animal development activates hif-1, our findings are in agreement with the notion that genetic-and RNAi-mediated Mit mutants can elicit distinct pro-longevity responses [44] . In fact, our study identifies reduced cytosolic iron, rather than increased ROS levels, as a trigger of the pro-longevity response induced by frataxin silencing. Accordingly, iron is active in the generation of ROS via the Fenton reaction, and, therefore, its reduced cytosolic content may concur to the observed reduced ROS levels in the different RNAi-mediated Mit mutants.
Iron is an essential element involved in the biogenesis and activity of different proteins and enzymes, and alteration in iron homeostasis is often observed in mitochondrial-associated disorders. Severe iron deficiency leads in humans to different diseases often associated with developmental defects, and in C. elegans it leads to a developmental arrest, which also is seen in response to severe hypoxia or mitochondrial stress. Interestingly, as with mild hypoxia or mitochondrial stress, we found that moderate iron depletion can also have beneficial, pro-longevity effects. This adaptive response, coupled with the resistance to hypoxia observed in the Mit mutants ( [45] and data not shown), resembles the evolutionarily conserved beneficial effects elicited by hypoxia preconditioning [46] . In neurons and cardiomyocytes, this can be ascribed to activation of autophagy [47] , thus suggesting that mitochondrial autophagy could also specifically contribute to its protective effect. Our findings are, therefore, extremely relevant in light of (1) the growing body of evidence implicating altered mitophagy in the pathogenesis of different genetic or age-related (neuro)degenerative disorders [15, 16] , and (2) the beneficial effects that could be provided by the hypoxia mimetic effect of iron chelators in these pathological conditions.
In support of mitophagy being induced as part of the protective iron starvation response activated to cope with mitochondrial (E) Number of eggs hatched per worm was quantified and normalized against the number of eggs laid (fertility rate) in WT animals fed bacteria transformed as in (B), after L4 larvae were left untreated or treated for 24 hr with the indicated concentrations of BP. -3(ok1035) mutants fed as in (B) . Bar graph represents means ± SEM (n = 3); *p value versus con < 0.05, **p value versus con < 0.01, ****p value versus con < 0.0001. See also Figure S4D . stress, we show that different mitophagy regulatory genes mediate mitophagy induction and lifespan extension upon frataxin or iron depletion, and that the effect of the two combined treatments on mitophagy and on lifespan is not additive. Sur- -1(tm376), pdr-1(gk448), and sqst-1(ok2869) strains, left untreated or treated from eggs with 10 mM BP, are shown. (F and G) Quantifications of GFP+ foci in the seam cells and of the ratio between GFP/DsRED, respectively, in P lgg-1 ::GFP::LGG-1 (F) and in P myo-3 ::TOMM-20::Rosella (G) transgenic strains fed bacteria transformed with empty-vector (con) or with vector-expressing dsRNA against frh-1 (frh-1 RNAi), and left untreated or treated from eggs with 10 mM of BP, are shown. Bar graphs represent means ± SEM (n = 5); ***p value versus con < 0.001, ****p value versus con < 0.0001, #p value versus frh-1RNAi < 0.0001; NS, non-significant. prisingly, while mutants or silencing of different mitophagy regulatory genes, namely pdr-1, dct-1, and sqst-1, as well as silencing of pink-1, in part or completely suppressed lifespan extension upon frataxin suppression, two different pink-1 alleles did not. These findings are consistent with those of Bess et al. [19] showing that pink-1 mutants do not exacerbate the developmental arrest elicited by UVCinduced mtDNA damage, while pink-1 silencing prevents proper elimination of damaged mtDNA after UVC irradiation and suggests that pink-1 mutants may retain some residual functions required for animal somatic maintenance (development or longevity) in response to mitochondrial stress. Taken together, we revealed a conserved function for mitophagy regulatory genes in mitochondrial elimination in C. elegans, and we identified a novel protective role for mitophagy in longevity specification in response to mitochondrial stress and iron deprivation.
Interestingly, while we were working on this paper, it was shown that iron chelators can induce mitophagy in mammalian cells [48] and in C. elegans [49] , possibly as a way of recycling iron from the mitochondrial storage. These findings insinuate that, although frataxin silencing can induce mitophagy via cytosolic iron deprivation, the non-additive effects of the two combined treatments could also be a consequence of iron depletion-induced mitochondrial damage. It will be important to further elucidate underlying molecular mechanisms of iron-and frataxin-depletion induction of mitophagy and to understand whether mitophagy plays a causal role in health span determination in other pathophysiological conditions. Besides their overlapping effects on lifespan and mitophagy, we also found that iron depletion and frataxin silencing act through independent pathways. On the one hand, consistent with the notion that reduced expression of frataxin in mammals affects iron and heme homeostasis [26] , we identified in C. elegans a new causal connection between frataxin deficiency and the expression of different globins (iron-containing proteins in the form of heme), thus suggesting novel potential pathogenic effectors in the human disease. Noteworthy, in C. elegans, induced globins glb -1, glb-10, glb-13, glb-19 , and glb-28 are mainly expressed in the nervous system [37] , which is involved in lifespan determination in response to mitochondrial disturbance [7, 50] . However, glb-10 overexpression is not sufficient to extend lifespan. Indeed, although glb-10 was upregulated also by iron chelation, glb-10 mutants did not affect their longevity, and glb-10 overexpression by transgene injection did not positively impact on lifespan in otherwise wild-type animals (data not shown). On the other hand, contrary to frataxin silencing, the lifespan-extending effect of iron deprivation was still present in the hif-1 mutants, while it was completely abolished by lack of EGL-9, the prolyl-hydroxylase responsible for HIF-1 degradation in normoxia conditions, suggesting the parallel existence of hif-1-independent pathways to modulate iron-depletion extension of lifespan possibly mediated by other egl-9 substrates. Interestingly, EGL-9 is inhibited by low oxygen levels but also by reduced levels of iron, and it can act in an hif-1-dependent or -independent manner [51] , while globins can act as oxygen sensing, as NADH oxidase to sustain anaerobic respiration, and as ROS/NOS-scavenging proteins, and their expression can be induced in an hif-1-dependent manner [36, 37] . Additional studies to accurately assess tissue-specific expression of the different globins and to investigate possible links between the different hif-1-dependent or -independent signaling networks are required to elucidate their role in longevity specification in response to mitochondrial stress and/or iron depletion.
In C. elegans, hif-1 can promote or limit longevity through distinct molecular mechanisms [52] , and our data indicate that it can also act as a positive or negative regulator of autophagy. We found that hif-1 was partially required for frataxin extension of lifespan and induction of autophagy. Given that additional transcription factors, such as p53/CEP-1 or HLH-30, can regulate Mit mutants' longevity through autophagy [6, 53] , it is attractive to speculate a crosstalk between transcription factors in mediating mitochondrial stress and/or irondepletion extension of lifespan through autophagy. In line with this possibility, iron chelation and hypoxia modulate the expression of common HIF-1 and p53 targets, including mitophagy in mammals [13, 48] , and frataxin participates in the hypoxia-induced response together with the two transcription factors [54] . In conclusion, this is the first study that to our knowledge identifies a causal role for mitophagy as part of a pro-longevity iron starvation response induced to cope with mitochondrial stress, thus opening new interesting possibilities for healthy aging medicine. Since autophagy is implicated in the pathogenesis and treatment of several neurodegenerative disorders, it is time to speculate that the same could hold true also for more dedicated forms of autophagy, such as mitophagy, especially in those neurodegenerative disorders, such as FRDA, or age-related diseases associated with progressive mitochondrial deterioration. 
Lifespan and Statistical Analysis
Survival analysis started from hatching using synchronous populations of 70-100 animals per strain. Survival curves and statistical analyses were carried out following standard procedures in the C. elegans aging field [55] . Briefly, we calculated mean, SD of the mean, and p value using the log-rank test (Mantel-Cox) from Kaplan-Meier survival analysis of pooled data resulting from at least two independent replicas. See the Supplemental Experimental Procedures for the detailed procedure and Table S1 for the summary of lifespan data analysis. Quantification of Gene Expression GFP expression was quantified either by acquiring pictures with a Imager2 Zeiss fluorescence microscope, followed by ImageJ analysis, or through automated quantification, by transferring transgenic adult-stage worms to 96-well plates followed by image acquisition and analysis with the ArrayScan V TI HCS Reader (Cellomics, Thermo Fisher Scientific) [56] . The qRT-PCR was carried out as we previously described. See the Supplemental Experimental Procedures for detailed quantification methods and analysis.
Electron Microsocopy
Synchronized populations of about $1,000 first-day adult animals were mixed with a thick pellet of Escherichia coli and immediately flash frozen. Thin sections of osmium tetroxide-fixed samples were stained with 2% uranyl acetate and Reynold's lead citrate and imaged at 80 kV on a Phillips CM10 electron microscope. Representative images were acquired from two experiments. None of the wild-type animals displayed dark electrondense granules, while all sections from frh-1 RNAi animals displayed dark deposits in at least one mitochondrion. See the Supplemental Experimental Procedures for more details.
Iron Chelation Sensitivity
The iron chelator 2,2 0 -dipyridyl (BP, Carl Roth) was supplemented to NGM at the indicated concentrations, and its effect was investigated on development, fecundity, and fertility of synchronized populations of worms. Transgene expression in response to iron chelation was measured on synchronized larvae grown for 24 hr on NGM plates and then transferred as L4 larvae to NGM plates supplemented with 100 mM BP for 18 hr before quantification.
Hypoxia Treatment
For generation of hypoxic status, worms were placed into a modular incubator chamber (Billups-Rothenberg). For almost complete replacement of the oxygen (<0.1%), a gas mixture (95% N2, 5% CO2) was flushed (15 l/min) into the chamber for 10 min. Young adult worms were then left in the hypoxic chamber for 4 hr at 20 C. Immediately after the hypoxia treatment, the worms were placed on a slide and acquired with the respective control left untreated. Autophagy Measurements Different transgenic strains were used to quantify autophagosomes using 100-fold magnification on a Zeiss Axio Imager 2 microscope. GFP-positive foci were counted in the seam cells of gfp::lgg-1 L3 larvae and in the anterior pharyngeal bulb of young adult sqst-1::gfp animals. mCherryrlgg-1-positive foci were counted in the intestine of young adult worms. See the Supplemental Experimental Procedures for the detailed procedure.
Mitophagy Measurement
For monitoring of mitophagy, the following four newly generated C. elegans transgenic strains were employed: (1) 
Mitochondrial Density
Mitochondrial density, expressed as the percentage of mitochondrial volume in the total analyzed volume, was quantified through 3D reconstruction of z stack images acquired using confocal laser scanning microscopy from rps-0p::gas-1::DENDRA2 transgenic strain, as previously described. See the Supplemental Experimental Procedures for details.
Statistical Analysis
Data are represented as mean ± SEM from at least three independent biological replica carried out with blinded genotypes where possible. Statistical analyses were performed using two-tailed Student's t test or one-way ANOVA for multiple comparisons (GraphPad software) to calculate significance as follows: *p = 0.01 to 0.05, **p = 0.001 to 0.01, ***p = 0.0001 to 0.001, and ****p < 0.0001 versus respective control conditions. 
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